Abstract To better understand the earliest steps in the assembly of triglyceride (TG)-rich lipoproteins, we compared the biophysical and interfacial properties of two closely related apolipoprotein B (apoB) truncation mutants, one of which contains the complete lipoprotein initiating domain (apoB20.1; residues 1-912), and one of which, by virtue of a 50 amino acid C-terminal truncation, is incapable of forming nascent lipoproteins (apoB19; residues 1-862). Spectroscopic studies detected no major differences in secondary structure, and only minor differences in conformation and thermodynamic stability, between the two truncation mutants. Monolayer studies revealed that both apoB19 and apoB20.1 bound to and penetrated egg phosphatidylcholine (EPC) monolayers; however, the interfacial exclusion pressure of apoB20.1 was higher than apoB19 (25.1 mN/m vs. 22.8 mN/m). Oil drop tensiometry revealed that both proteins bound rapidly to the hydrophobic triolein/water interface, reducing interfacial tension by ?20 mN/m. However, when triolein drops were first coated with phospholipids (PL), apoB20.1 bound with faster kinetics than apoB19 and also displayed greater interfacial elasticity (26.9 6 0.8 mN/m vs. 22.9 6 0.8 mN/m). These data establish that the transition of apoB to assembly competence is accompanied by increases in surface activity and elasticity, but not by significant changes in global structure. Apolipoprotein B (apoB) is a 4,536 amino acid residue secretory glycoprotein that serves as the major structural component of triglyceride (TG)-rich lipoproteins secreted by the liver (very low density lipoproteins) and intestine (chylomicrons) (1-5). The assembly of apoB-containing lipoproteins is believed to occur in two stages: in the first stage, a precursor apoB-containing emulsion particle is formed in the endoplasmic reticulum (ER) concurrently with apoB translation; in the second stage, these nascent lipoproteins fuse with TG-rich emulsion particles produced in the smooth ER (6-11). Both steps require the activity of microsomal TG transfer protein (MTP), a dedicated ER-localized cofactor that is essential for apoBcontaining lipoprotein assembly and secretion (12) (13) (14) .
Abstract To better understand the earliest steps in the assembly of triglyceride (TG)-rich lipoproteins, we compared the biophysical and interfacial properties of two closely related apolipoprotein B (apoB) truncation mutants, one of which contains the complete lipoprotein initiating domain (apoB20.1; residues 1-912), and one of which, by virtue of a 50 amino acid C-terminal truncation, is incapable of forming nascent lipoproteins (apoB19; residues 1-862). Spectroscopic studies detected no major differences in secondary structure, and only minor differences in conformation and thermodynamic stability, between the two truncation mutants. Monolayer studies revealed that both apoB19 and apoB20.1 bound to and penetrated egg phosphatidylcholine (EPC) monolayers; however, the interfacial exclusion pressure of apoB20.1 was higher than apoB19 (25.1 mN/m vs. 22.8 mN/m). Oil drop tensiometry revealed that both proteins bound rapidly to the hydrophobic triolein/water interface, reducing interfacial tension by ?20 mN/m. However, when triolein drops were first coated with phospholipids (PL), apoB20.1 bound with faster kinetics than apoB19 and also displayed greater interfacial elasticity (26.9 6 0.8 mN/m vs. 22.9 6 0.8 mN/m). These data establish that the transition of apoB to assembly competence is accompanied by increases in surface activity and elasticity, but not by significant changes in global structure. - Apolipoprotein B (apoB) is a 4,536 amino acid residue secretory glycoprotein that serves as the major structural component of triglyceride (TG)-rich lipoproteins secreted by the liver (very low density lipoproteins) and intestine (chylomicrons) (1) (2) (3) (4) (5) . The assembly of apoB-containing lipoproteins is believed to occur in two stages: in the first stage, a precursor apoB-containing emulsion particle is formed in the endoplasmic reticulum (ER) concurrently with apoB translation; in the second stage, these nascent lipoproteins fuse with TG-rich emulsion particles produced in the smooth ER (6) (7) (8) (9) (10) (11) . Both steps require the activity of microsomal TG transfer protein (MTP), a dedicated ER-localized cofactor that is essential for apoBcontaining lipoprotein assembly and secretion (12) (13) (14) .
The mechanism by which apoB is lipidated during the initial phase of TG-rich lipoprotein assembly is not well understood. It was first proposed that apoB intercalates into the inner leaflet of the ER membrane during its translation and then entrains membrane lipid as it desorbs from the ER membrane (15) (16) (17) (18) . The observation that apoB becomes associated with the ER membrane immediately after translation (16) , and that N-terminal fragments of apoB bind to hydrophobic surfaces (19) (20) (21) (22) (23) (24) , suggests that apoB possesses avid surface activity, which is an essential requisite of this model. Recently, however, Segrest et al. (25) (26) (27) (28) have proposed a different model for the lipidation of apoB that is based upon sequence similarities between apoB and vitellogenin. This model postulates that the N terminal ?1,000 residues of apoB form two b-sheets that comprise the sides of a lipid-binding cavity held together by a helix-turn-helix motif (27, 29) , similar to that noted in the crystal structure of lamprey lipovitellin (LV), the processed form of vitellogenin (30) (31) (32) . This cavity would then be lipidated by either MTP-or non-MTP-dependent mechanisms (4, 33, 34) .
To better understand the structural elements that enable apoB to direct the earliest steps in TG-rich lipoprotein assembly, we have examined the biophysical and interfacial properties of two closely related apoB truncation mutants: apoB20.1 (residues 1-912), which is fully capable of initi-ating MTP-dependent lipoprotein assembly; and apoB19 (residues 1-862) which, by virtue of a 50 amino acid C-terminal truncation, is incapable of nascent lipoprotein formation (35) . We reasoned that the striking difference between the biological behavior of apoB19 and apoB20.1 should be reflected in biophysical properties specific to each model. The data presented here establish that the transition of apoB to assembly competence is accompanied by increased surface activity and interfacial elasticity, but not by significant changes in global structure or molecular stability, properties that are predicted by the membrane intercalation-desorption model (36) .
EXPERIMENTAL PROCEDURES

Lipids
Egg phosphatidylcholine (EPC) and triolein were purchased from Sigma-Aldrich. Phospholipid (PL) spreading solutions were prepared by diluting EPC in HPLC grade hexane to a concentration of 1 mg/ml, and stored under argon gas at 220°C. Purity was confirmed by the presence of single bands on thin-layer chromatography. Intralipid was purchased from Baxter Healthcare, and centrifuged in a Ti40.3 rotor (Beckman-Coulter) at 40,000 rpm for 1 h to remove the PL-rich infranatant from the TG-rich emulsion phase (37) .
Preparation of apoB truncation mutants
ApoB19 (apoB signal peptide plus mature residues 1-862) and apoB20.1 (apoB signal peptide plus mature residues 1-912) were each engineered to contain a C-terminal His 6 -tag (35) . The 50 amino acid C-terminal peptide present in apoB20.1, but deleted in apoB19, is shown in Fig. 1 . Each truncation mutant was expressed in Sf9 cells and purified by nickel-nitrilotriacetic acidagarose affinity chromatography, as previously described (21, 35, 36) . Purified proteins were dialyzed into 10 mM Tris, pH 7.4, 140 mM NaCl, containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 3 mM EDTA) and 1.5 mM sodium azide, and stored under nitrogen at 4°C. Protein concentration was determined by the bicinchoninic acid method (Pierce). All purified protein preparations displayed single bands upon SDS-polyacrylamide gel electrophoresis and Coomassie blue staining (36) . To assure the dissociation of protein multimers, for the spectroscopic studies the purified proteins were incubated for 30 min with 0.2% cholic acid and then dialyzed against phosphate buffered saline (PBS) for 20 h at room temperature (36) ; for the interfacial activity studies, the proteins were dissolved buffer containing 2.0 M guanidine hydrochloride (GdnHCl).
CD spectroscopy
Circular dichroism (CD) studies were performed using a Jasco J-720 Spectropolarimeter. Spectra of apoB19 and apoB20.1 at 1 mM in PBS were recorded at 25°C from 190 to 250 nm at 0.5 nm intervals using a 1 cm thermostated cell, 1 nm bandwidth, and 2 s time constant. Buffer blanks were digitally subtracted. Thermal denaturation studies were performed by monitoring ellipticity at 222 nm at 2 s intervals as the temperature of the cuvette was increased from 25°C to 75°C at 1°C/min. The enthalpy of denaturation, DH D , and thermal denaturation midpoint, T m , were determined from Vanʼt Hoff plots of DG vs. 1/T (38) . The entropy of folding, DS, was calculated at the denaturation midpoint using the Gibbs-Helmholtz equation (38, 39) . Mean residue ellipticity at 222 nm, [Q] 222 , was calculated as ([Q] raw 3 MRW)/(10 3 l 3 C), where l is the path length in cm and C is the concentration in g/ml, using a mean residue weight (MRW) of 111.9 for apoB19 and 111.6 for apoB20.1. Structural analysis of spectra was performed using the SELCON 3 deconvolution algorithm (40) .
Fluorescence spectroscopy
Fluorescence studies were performed using an SLM 8000C spectrofluorometer, as previously described (37, 41) . Spectra of 1 mM apoB19 and apoB20.1 in PBS were obtained using a 1 cm cell, an excitation wavelength of 280 nm, a 1 s integration time, and 4 nm slits on both monochromators. Spectra were excitation corrected using a rhodamine quantum counter, and corrected for scatter and Raman emission by digital subtraction of buffer blanks. Denaturation studies were performed by 0.25 M step addition of buffered 6 M GdnHCl. The excitation wavelength dependence of tryptophan emission anisotropy was determined with the instrument in T-format, monochromator A set at 370 nm with 8 nm slits, and a Corning 370 nm bandpass filter on monochromator B (41).
Interfacial activity of apoB truncation mutants at the PL/water interface
Adsorption of apoB19 and apoB20.1 to the PL/water interface was examined using a KSV 5000 Langmuir film balance (KSV Instruments, Helsinki, Finland) (38, 42) . EPC monolayers were spread over 5.65 mM Na 2 HPO 4 , 3.05 mM NaH 2 PO 4 , 80 mM NaCl, pH 7.0 and allowed to stabilize. Surface pressure (P) at the lipid/water interface was measured with a platinum Wilhelmy plate. Subphase saturating concentrations were determined by injecting increasing amounts of protein in 2.0 M GdnHCl under monolayers spread at 10 mN/m and recording the change in surface tension (DP). Interfacial exclusion pressure (P ex ) was determined by injecting saturating concentrations of protein under EPC monolayers spread at initial pressures (P i ) between 5-25 mN/m and extrapolating plots of DP versus P i to DP 5 0.
Dynamic interfacial activity of apoB truncation mutants at the oil/water interface
The interfacial properties of the apoB truncation mutants at the oil/water interface were analyzed using a Tracker: tensiometer (TECLIS-ITConcept, Longessaigne, France). The instrument consists of a computer-controlled syringe that pumps fluids into an optical cuvette; a coherent light source that projects the drop image onto a video chip; and software that digitizes the image and calculates drop area, volume, and interfacial tension (43) . Cuvette infusion ports allow circulation of aqueous phase around the oil drop. Triolein drops (10 ml) were formed into a cuvette containing 6 ml of 41.3 mM Tris, pH 7.5, and 25 mg/ml of apoB19 or apoB20.1. The adsorption of protein to the triolein/water interface was recorded as the decrease in interfacial tension (g) with time. Exponential adsorption rate constants were calculated by log transformation of the initial g vs. time curves. Interfacial elasticity (y) was determined by sinusoidally oscillating the drop volume by 4 ml at a rate of 6 cycles/min and analyzing the phase shift between drop surface area and surface tension. 
Interaction of apoB truncation mutants with PL-coated triolein droplets
Ten ml drops of triolein were formed into a cuvette containing 6 ml of 41.3 mM Tris, pH 7.5 and Intralipid infranatant (250 mg/ml phosphorus) was added (43) . When a stable PL monolayer had formed on the drop surface, as evidenced by stabilization of surface tension, excess bulk phase PL was removed by continuous buffer exchange. ApoB truncation mutants (15 mg/ml in 41.3 mM Tris, pH 7.5, 2.0 M GdnHCl) were then injected, and protein adsorption to the PL-coated triolein drop was measured as the time-dependent decrease in g. Binding rate constants and elasticity measurements were calculated as described above.
RESULTS
Spectroscopic properties of apoB19 and apoB20.1 CD spectra of apoB19 and apoB20.1 displayed minima at 222 nm ( Fig. 2 and Table 1 ), characteristic of the presence of a helical structure. Deconvolution analysis of the CD spectra revealed that the extension of apoB19 to form apoB20.1 did not induce a significant change in its secondary structure: apoB19 was predicted to contain 25% a helix, 22% b sheet 22% b turn, and 34% unordered structure and apoB20.1 was predicted to contain 28% a helix, 23% b sheet, 22% b turn, and 31% unordered structure. However, whereas the CD spectrum of apoB20.1 displayed minima at 222 and 208 nm, the CD spectrum of apoB19 displayed only a small shoulder at 208 nm. This CD spectral pattern is characteristic of the presence of coiled-coil structure (44) , which suggests that the addition of residues 863-912 may have induced a reorganization of the a helical domains within the apoB20.1 molcule.
CD-thermal denaturation spectral data were used to calculate thermodynamic stability parameters ( Fig. 3 ; Table 1). For apoB19 the thermal transition midpoint was 57.8°C, the enthalpy of denaturation was 96.1 kcal/mol, and the entropy of unfolding was 290.2 cal/mol°K. For apoB20.1 the thermal denaturation midpoint was 56.4°C, the enthalpy of denaturation was 71.9 kcal/mol, and the entropy of unfolding was 218.2 cal/mol°K. The sigmoidicity of the denaturation curve for apoB20.1 was slightly shallower than that of apoB19, which suggests a loss of intramolecular domain cooperativity in the stabilization of its secondary structure (Fig. 3) . Together, these observations suggest that extension of apoB19 to apoB20.1 slightly reduces molecular stability, rather than creating a more thermodynamically stable conformation, as might be expected for completion of a compact, lipid binding cavity.
Fluorescence spectroscopy revealed that the emission maxima of apoB19 and apoB20.1 were blue shifted to 327.5 and 328.0 nm, respectively ( Table 1 Table 1) . Addition of increasing concentrations of GdnHCl to the truncation mutants induced a progressive 30 nm red shift in the tryptophan maximum emission, indicative of protein unfolding (Fig. 4) . The concentration of GdnHCl required to induce 50% unfolding was 1.50 M for apoB19 and 1.25 M for apoB20.1. Together these data again suggest that the completion of the lipoprotein initiating domain of apoB is not accompanied by a significant change in native molecular structure, but does slightly decrease its conformational stability.
Adsorption of apoB19 and apoB20.1 to EPC monolayers
With injection of increasing amounts of apoB19 and apoB20.1 under EPC monolayers spread at 10 mN/m, the increase in surface pressure reached a plateau at a subphase concentrations of 1 3 10 24 g/dl for both proteins (data not shown). To assure saturation of the EPC monolayers, the exclusion pressure experiments were then per- Fig. 2 . CD spectra of apoB19 and apoB20.1. Mean residue ellipticity as a function of wavelength was recorded at 25°C at a protein concentration of 1 mM apoB19 ( • ) or apoB20.1 (▽). formed at this subphase concentration (100 mg protein in a 50 ml buffer subphase). Adsorption of apoB19 and apoB20.1 to the monolayers decreased linearly as the initial pressure (P i ) increased (Fig. 5) . Extrapolation of the DP-P I curves to zero yielded interfacial exclusion pressures of 22.8 mN/m for apoB19 and 25.1 mN/m for apoB20.1. The higher exclusion pressure of apoB20.1 suggests that it is better able to insert itself into PL monolayers. Of note, these values are lower than exclusion pressures similarly determined for the exchangeable apolipoproteins (apoA-IV, 29 mN/m; apoC-III, 31 mN/m; apoA-I, 33 mN/m; apoC-II, 34 mN/m; and apoA-II, 34 mN/m (42, 45, 46) .
Dynamic interfacial activity of apoB19 and apoB20.1 at the triolein/water interface ApoB19 and apoB20.1 bound readily to the triolein/ water interface, rapidly decreasing its surface tension from an initial value of 32 mN/m to 11.6 mN/m and 11.1 mN/m, respectively (Fig. 6) . The calculated exponential binding rate constants were 3.0 6 0.2 3 10 23 sec 21 for apoB19, and 1.3 6 0.2 3 10 23 sec 21 for apoB20.1 ( Table 2) , which indicates that apoB20.1 interacts more slowly with the oil/ water interface, although it ultimately generates the same equilibrium surface tension as apoB19. The interfacial elasticity of apoB19 and apoB20.1 was examined by sinusoidally oscillating the drop volume and recording the change in surface tension as a function of surface area (Fig. 7) . The surface area-tension loops for apoB20.1 are shifted to the left relative to apoB19, indicative of a more condensed interfacial conformation. The calculated elasticity of apoB19 was 25.1 6 0.2 mN/m, whereas the elasticity of apoB20.1 was higher at 26.8 6 0.1 mN/m ( Table 2 ). These data suggest that addition of only 50 residues to ApoB19 ( • ) and apoB20.1 (▽) were injected beneath EPC monolayers spread at increasing initial surface pressures, and the resulting change in surface pressure (DP) was determined. The solid lines are linear regressions of the data. Extrapolation of the lines to the X axis yields exclusion pressures of 22.8 mN/m for apoB19, and 25.1 mN/m for apoB20.1. Fig. 3 . Thermal denaturation of apoB19 and apoB20.1. Mean residue ellipticity at 222 nm of 1 mM solutions of apoB19 (dashed line) and apoB 20.1 (solid line) was sampled at two second intervals as the temperature was raised from 25 to 75°C. The lines are sigmoidal curve fits of the data. Inset: Vanʼt Hoff plots; the solid lines are linear curve fits of the thermal denaturation data. Intercepts of the lines at the X axis yield the reciprocal of the transition temperature midpoint. Fig. 6 . Dynamic interfacial behavior of apoB19 and apoB20.1 at the oil/water interface. The binding of apoB19 and apoB20.1 to the triolein/water interface was measured using an ITC Tracker oil drop tensiometer. Ten ml drops of triolein were rapidly formed into buffer containing 25 mg/ml apoB19 (dashed line) or apoB20.1 (solid line), and the surface tension was continuously monitored. apoB19 confers increased molecular flexibility at hydrophobic interfaces.
Dynamic interfacial activity of apoB19 and apoB20.1 at the EPC/triolein/water interface
The interfacial behavior of apoB19 and apoB20.1 was further examined using triolein drops coated with an EPC monolayer to simulate interaction with nascent lipoprotein particles in the ER. Triolein drops were formed into buffer (Fig. 8, arrow a) and a micellar EPC solution was injected into the cuvette (arrow b), which caused the interfacial tension to fall to ?19 mN/m as EPC molecules bound to the triolein/water interface. When unbound PL was washed out of the cuvette by continuous buffer exchange (arrow c), the tension increased to ?22 mN/m. ApoB19 or apoB20.1 was then injected into the cuvette (arrow d), and the interfacial tension rapidly fell to ?11 mN/m ( Fig. 8 and Table 2 ). Calculation of exponential binding rate constants revealed that apoB19 bound with a similar rate to naked and EPC-coated triolein drops (3.0 6 0.2 3 10 23 sec 21 and 3.5 6 0.1 3 10 23 sec
21
, respectively), whereas apoB20.1 bound significantly faster to triolein drops when they were coated with EPC (1. ). The elasticity of apoB19 at the EPC/triolein/water interface was significantly lower than at the triolein/water interface, 22.9 6 0.8 mN/m vs. 25.1 6 0.2 mN/m, whereas the elasticity of apoB20.1 EPC/triolein/water interface was the same as at the triolein/water interface ( Table 2) .
DISCUSSION
ApoB is a large amphipathic protein that organizes lipids into microemulsion particles within the secretory pathway of lipoprotein producing cells. Two competing models have been proposed to explain how apoB initially acquires lipid: the intercalation/desorption model, which posits that the N-terminal domain of apoB interacts with the ER membrane, thereby sequestering a nidus of neutral lipid (predominately TG) that ultimately desorbs from the mem- Fig. 7 . Surface tension-area plots of apoB19 and apo 20.1 at the triolein/water interface. Ten ml drops of triolein were formed into buffer containing 25 mg/ml apoB19 or apoB20.1, as indicated. After the tension had stabilized, the drop volume was sinusoidally oscillated at 6 cycles/min and the change in surface tension was continuously monitored as a function of drop surface area. Fig. 8 . Dynamic interfacial behavior of apoB19 at the EPC/triolein/water interface. A 10 ml triolein drop was rapidly formed into buffer (arrow a), and was coated with a phospholipid (PL) monolayer by addition of Intralipid (arrow b). Excess unbound PL was washed out of the cuvette by continuous buffer exchange (arrow c). Then 15 mg/ml apoB19 was added to the cuvette (arrow d) and the further decrease in interfacial tension was monitored. The elasticity of the interface at each stage was determined by sinusoidal oscillation of the drop volume (denoted by the rapid vertical displacements) as described under EXPERIMENTAL PRO-CEDURES. Analyses of apoB20.1 under the same conditions were also performed (36); data not shown.
brane as a small, neutral lipid core-containing precursor particle (4) ; and the LV model, which proposes that the apoB N-terminal domain folds into a globular LV-like lipid binding cavity, which is then filled with a small amount of PL containing a lens of TG (29, 47) . As the biophysical characteristics of apoB presumed by each model are distinctive, we examined the structural and interfacial properties of two apoB C-terminal truncation mutants that terminate on either side of a critical functional boundary: apoB20.1, which is assembly-competent; and apoB19, a 50-amino acid truncation mutant of apoB20.1, which is incapable of forming lipoproteins (35) . The structure of the two apoB truncation mutants was analyzed by CD and fluorescence spectroscopy. Both mutants displayed similar secondary structure in their native state, which implies that no major structural reorganization occurs upon completion of the lipoprotein initiating domain. However, the lower transition midpoint, denaturation cooperativity, and enthalpy of denaturation noted for apoB20.1 ( Table 1 ) all suggest that its ordered structure is less stable than apoB19 and thus it is more easily unfolded. In addition, the lower entropy of unfolding for apoB20.1 indicates that it has a greater degree of disorder in its native state. This is further implied by the lower [Q] 222 /[Q] 208 ratio for apoB20.1, which is indicative of less coiled-coil structure (44) and disrupted electronic interactions among its aromatic side chains (48) . Taken together, these data suggest that the completed lipoprotein initiating domain of apoB adopts a less stable, more loosely folded conformation, predicted by the intercalation-desorption model, rather than a more stable, compact structure predicted by the LV model. Nonetheless, it is also possible that the formation of a lipid-binding cavity could decrease the stability of a truncated apoB in the absence of lipid.
As destabilization of apolipoprotein ordered structure is associated with increased interfacial activity (38), we next examined the behavior of apoB19 and apoB20.1 at the EPC/water, triolein/water, and EPC/triolein/water interfaces. These studies established that apoB19 and apoB20.1 are strongly surface active proteins that can lower the equilibrium surface tension at hydrophobic interfaces to similar levels (Table 2) . However, the surface balance studies showed that apoB20.1 has a higher interfacial exclusion pressure for EPC monolayers, consistent with a superior ability to penetrate and/or intercalate into PL membrane interfaces (Fig. 5) . It is interesting to note that the absolute reduction in surface tension induced by the apoB truncation mutants was greater with the more hydrophobic triolein/water interface (DP 5 ?21 mN/m), than the EPC/triolein/water interface (DP 5 ?10 mN/m) ( Table 2) , which further demonstrates that although both apoB mutants bind to PL, they possess a innately higher affinity for the more hydrophobic neutral lipids (i.e., TGs and cholesterol esters) (36) . The ability of apoB to lower the surface tension (free energy) of mixed lipid interfaces is a requisite first step in its participation in the membrane reorganization that is central to the intercalation/desorption model.
An unexpected finding was that apoB20.1 bound to the triolein/water interface more slowly than apoB19 (Fig. 6 ).
However, whereas apoB19 bound with similar rates to naked and EPC-coated triolein drops, the binding rate for apoB20.1 increased more than 3-fold when the drops were first coated with EPC, a biophysical model that more closely reflects the mixed lipid surface of a nascent emulsion particle ( Table 2 ). The decrease in surface tension measured by the oil-drop tensiometer reflects a sequence of events: 1) protein diffusion to the triolein/water interface, which is dependent upon molecular weight and solvent viscosity; 2) physical binding and penetration of protein into the interface, which is dependent upon the hydrophobicity of the protein and interface, but can be dramatically altered by the presence of "anchor" domains in the protein; and 3) surface unfolding, which is a function of protein stability. As there is only a 6% difference in molecular weight between apo B19H (96,769 daltons) and apoB20.1 (102,471 daltons), and negligible differences in their molecular hydrophobicity and stability, this interfacedependent kinetic behavior of apoB20.1 may be a function of its superior ability to penetrate PL monolayers, as indicated by its higher interfacial exclusion pressure. In this regard, it is relevant that the 50 amino acid interval between apoB19 and apoB20.1 is predicted to contain two tilted peptides (Fig. 1) , a structural motif present in fusogenic proteins that enables them to penetrate deep into the core of lipid bilayers, and thereby induce a structural reorganization that leads to membrane fusion (49) .
Interfacial elasticity reflects the ability of surface-active proteins to adapt their conformation to changes in surface geometry. At the triolein/water and EPC/triolein/water interfaces, apoB20.1 displayed greater interfacial elasticity than apoB19 (Table 2 ). In fact, the elasticity of apo B19 was lower at the surface of the EPC-coated droplet. Although protein elasticity has no direct biological correlate, the facile ability of the lipoprotein initiating domain of apoB to adapt to changes in geometry at mixed lipid interfaces, in combination with its superior binding kinetics, could be critical to its ability to interact with the inner leaflet of the ER membrane, initiate the lipid desorption process (50) , and thereafter accommodate the expansion of nascent emulsion particles following membrane desorption.
Taken together, these data establish that extension of apoB19 by only 50 amino acids to form apoB20.1, a fully functional lipoprotein assembly initiating domain, is not accompanied by major changes in its secondary or tertiary structure, but rather, is associated with an increase in its surface activity and interfacial elasticity. These structural and interfacial properties are the hallmarks of surfactant proteins that lower the free energy and increase the stability of hydrophobic interfaces, and are less consistent with completion of a geometrically fixed globular lipid transport protein. Thus, our data are most consistent with a model of lipoprotein assembly in which the surface active initiating domain of apoB interacts with the ER membrane to recruit neutral and polar lipids, and thereafter adapts its conformation and surface activity to promote nascent emulsion particle formation and release into the ER lumen.
Although the biophysical techniques used in this work have been extensively applied to the exchangeable apoli-poproteins, the study described herein is the first systematic application of combined spectroscopic and surface chemistry techniques to the analysis of functionally defined forms of apoB. Further such biophysical studies of apoB surface activity and conformational dynamics promise new insights into the underlying mechanisms responsible for nascent lipoprotein formation and lipid transport, processes central to the development of atherosclerotic cardiovascular disease and other chronic diseases, such as metabolic syndrome and obesity.
